Understanding the genetic and neuroendocrine basis of the mother-infant bond is critical to understanding mammalian affiliation and attachment. Functionally similar nonsynonymous mu-opioid receptor (OPRM1) SNPs have arisen and been maintained in humans (A118G) and rhesus macaques Macaca mulatta (C77G). In rhesus macaques, variation in OPRM1 predicts individual differences in infant affiliation for mothers. Specifically, infants carrying the G allele show increased distress on separation from their mothers, and spend more time with them upon reunion, than individuals homozygous for the C allele. In humans, individuals possessing the G allele report higher perceptions of emotional pain on receiving rejection by social partners. We studied maternal behavior over the course of a year among free-ranging female rhesus macaques on Cayo Santiago, Puerto Rico. We then trapped females and collected blood samples from which we assessed OPRM1 genotype; we also collected cerebrospinal fluid samples from which we measured oxytocin (OT) levels. We show that females possessing the G allele restrain their infants more (i.e., prevent infants from separating from them by pulling them back) than females homozygous for the C allele. Females possessing the G allele also show higher OT levels when lactating, and lower OT levels when neither lactating nor pregnant, than females homozygous for the C allele. This is the first study to demonstrate an association between OPRM1 genotype and maternal attachment for infants, and is one of the first studies of any free-ranging primate population to link functional genetic variation to behavior via potentially related neuroendocrine mechanisms.
There is a growing understanding of the role that genetic variation plays in determining variation in animal affiliative behavior. The most fundamental of all mammalian affiliations is the motherinfant bond, which ensures that both mothers and infants are motivated to undertake behaviors necessary for the infants' survival and development. Investigating the genetic and neuroendocrine basis of this bond is critical to understanding affiliative relationships in higher mammals, principally because there is good evidence that the underlying mechanisms of maternal attachment have been evolutionarily co-opted to serve as the basis for all conspecific social bonds (Keverne, 1992; Nelson & Panksepp, 1998; Curley & Keverne, 2005; Broad et al., 2006) .
The rhesus macaque Macaca mulatta is an ideal species for investigating the genetics and neuroendocrinology of maternal attachment. Rhesus macaque females form long-lasting attachments to their infants that are behaviorally well characterized (e.g., Maestripieri, 2003a; Maestripieri, 2011) . There is a great deal of variation in maternal affiliation for infants, with cross-fostering studies showing that some of this variation is heritable (Maestripieri, 2003b) . Genetic polymorphisms (e.g., in or related to dopamine receptor genes and the serotonin transporter gene; Fairbanks et al., 2006; McCormack et al., 2009 ) and neuroendocrine variables (e.g., reproductive and stress hormones, endogenous opioids and oxytocin (OT), and monoamine neurotransmitters; reviewed by Maestripieri, 2010; Saltzman & Maestripieri, 2011) are known to account for part of this variation.
Another candidate gene in which functional variation may explain variation in maternal attachment is the mu-opioid receptor OPRM1. Functionally similar nonsynonymous OPRM1 SNPs have arisen and been maintained in humans (A118G; Bond et al., 1998) and rhesus macaques (C77G; Miller et al., 2004) . The G allele for this gene causes an amino acid substitution in the N-terminal arm of the receptor, which was originally reported to increase their affinity for ␤-endorphin (Bond et al., 1998) , although this effect may be cell-line dependent (Kroslak et al., 2007) . Two recent papers have demonstrated that allelic variation at this locus may explain interindividual variation in affiliation in both species. A study of captive rhesus macaques showed that infants carrying the G allele show increased distress responses to separation from their mothers, and spend more time with their mothers upon reunion, than individuals homozygous for the C allele (Barr et al., 2008) . A study of humans then showed that individuals with the G allele report higher perceptions of emotional pain, and show greater brain responses in areas associated with social pain, on receiving rejection by others (Way et al., 2009) . These studies are consistent with suggestions that the G allele confers a gain-of-function, such that individuals possessing this allele experience increased opiate reward in response to affiliation (Barr et al., 2008) . Further, results in both infant rhesus macaques (Barr et al., 2008) and humans (Way et al., 2009) , suggest that OPRM1 variation may be involved in mediating senses of social-absence, since genotype appears to predict behavioral response to separation or rejection. Indeed, it has been suggested that there are two major components of attachment mechanisms in mammals-one mediating senses of social-absence, and the other senses of social engagement, with the neural circuits involved in the two being quite different (Panksepp et al., 1997; Nelson & Panksepp, 1998) .
One of the major established mechanistic elements of maternal affiliation toward infants is the neurotransmitter oxytocin (OT). OT has long been known to play an important role in the expression of maternal behavior in both sheep and rodents (reviewed by Numan & Insel, 2003) , while growing evidence indicates that it plays a similar role in primates. In free-ranging rhesus macaques, plasma OT concentrations of lactating females show a strong, significant, positive correlation with "maternal warmth" (a composite index mainly reflecting nursing and grooming of the infant; Maestripieri et al., 2009) . In humans, mothers whose plasma OT levels increased from early to mid/late pregnancy report significantly higher levels of attachment to their fetuses than those whose OT levels decreased or remained stable across the same time period . Moreover, women's plasma OT concentrations during both early pregnancy and the early postpartum period show significant positive correlations with maternal behavior . Experimental evidence that OT may promote maternal responsiveness in primates comes from two pilot studies in which central OT signaling was manipulated in a small number of nulliparous, adult female rhesus macaques. Holman and Goy (1995) found that infusion of OT into the cerebral ventricles of two female rhesus monkeys appeared to increase their interest in and affiliative behavior toward infants, whereas peripheral administration of an OT receptor antagonist that accumulated in the brain appeared to have the opposite effect in a single female (Boccia et al., 2007) . Increasing OT levels experimentally also increases affiliation in primates in other contexts, such as between pair-bonded marmosets (Smith et al., 2010) , and human couples (Ditzen et al., 2009) .
Relationships between the opiate system and OT have been reasonably well established; it is generally thought that opioids, especially at -and k-receptors, inhibit OT release (Vuong et al., 2010) . However, such effects are known to be brain-region specific, and there are also known interactive effects between the opiate system, OT, and female reproductive state. For example, morphine causes a reduction in plasma OT in virgin, but not in lactating, rats (Evans & Olley, 1998) . Given results showing that the G allele promotes affiliative behavior between individuals in humans (Way et al., 2009) , and infant attachment to their mothers in rhesus macaques (Barr et al., 2008) , we might expect mothers with at least one copy of this allele to show higher levels of OT, at least while they are lactating and have a young infant. However, to our knowledge, no study of any species has assessed OPRM1 and OT variation in the same individuals.
Despite a growing understanding of relationships between aspects of the neuroendocrine system and affiliative behavior in primates (see Maestripieri, 2010 , for a review), our understanding of relationships between these systems and genetic variation in the opioid reward system remains poor. No previous studies have linked genetic variation in the opioid reward system to variation in both endocrine parameters and behavior in free-ranging mammalian populations exhibiting natural patterns of behavior. Here, we present data on variation in the mu-opioid receptor (OPRM1) gene (C77G), OT, and behavior in free-ranging rhesus macaque mothers. We trapped females, genotyped them for OPRM1 variation, and measured their cerebrospinal fluid (CSF) OT levels. We also undertook detailed observations of mothers and their infants over a nine-month period. As a previous study indicated higher affiliation of infants for their mothers in those individuals possessing at least one G allele (Barr et al., 2008) , we predicted that lactating mothers carrying this allele would have higher levels of OT and exhibit greater levels of affiliative behavior (especially in response to separation/social-absence) than those homozygous for the C allele.
Method Study Population and Subjects
The study was conducted on the free-ranging rhesus macaque population on Cayo Santiago, a 15.2 ha island located 1 km off the South-East coast of Puerto Rico. During the study period, the 132 population included approximately 1,000 animals living in six naturally formed social groups. Macaques on Cayo Santiago forage naturally on vegetation, but are also provisioned with rainwater and commercial monkey chow. Rhesus macaques are seasonal breeders, and in the Cayo Santiago population there is currently a six-month mating season beginning in March, followed by a sixmonth birth season beginning in September (Hoffman et al., 2008) . Most females usually give birth every year while in their reproductive prime (ages 4 -18), though years are occasionally skipped, with the probability of skipping a year increasing with female age . Colony records are updated with daily censuses of all animals. These records include information on dates of each animal's birth and death, genealogy, as well as group membership, reproductive, and health history. We trapped and collected blood and CSF from 40 adult females from 4 social groups in January and February of 2008. We measured OT in the CSF samples of 32 of these females, and collected behavioral data on a subset of 33 adult females from April-December, 2007.
Sample Collection and Assays
Females were captured in a feeding corral, approximately 100 m 2 , which was provisioned daily with commercial monkey chow. Trapping occurred between 830 and 1200. Adult females (with their infants if they had one) were netted or captured by hand in the corral, transferred to a holding cage (0.62 ϫ 0.42 ϫ 0.62 m), and then moved to a small field laboratory where they were housed overnight. All females were inspected by a veterinarian at the time of capture and found to be in general good health.
The morning after capture, all 40 adult females were anesthetized with ketamine (approximately 10 mg/kg via IM injection), and weighed. Blood samples were collected from all individuals between 715 and 1040 (average time of day: 818 Ϯ 5.0 min). Immediately following blood collection, one sample of CSF (1-2 ml) was collected from the cisterna magna using a needle. CSF was allowed to drip passively into a microcentrifuge tube and was subsequently flash-frozen on dry ice. Blood and CSF samples were stored at Ϫ80°C until samples were shipped on ice to Dr. Christina Barr's laboratory at the National Institutes of Health (blood), or to Dr. Karen Parker's laboratory at Stanford University (CSF).
Genotyping for a functional SNP in the mu opioid receptor gene (OPRM1 C77G) (Miller et al., 2004) was performed for all 40 adult females. DNA was extracted from whole blood using standard extraction methods. A portion of OPRM1 exon 1 was amplified from 25 ng of genomic DNA with flanking oligonucleotide primers museekf1 (5Ј-TCA GTA CCA TGG ACA GCA GCG CTG TCC CCA CGA A-3Ј) and museekr1 (5Ј-GTC GGA CAG GTT GCC ATC TAA GTG-3Ј) in 15 l reactions using AmpliTaq Gold and 2.5 mM MgCl2 according to the manufacturer's instructions (Invitrogen). Amplifications were performed on a PerkinElmer thermocycler (9700) with one cycle at 96°C followed by 30 cycles at 94°C/15 sec, 56°C/15 sec, 72°C/30 sec, and a final 3-min extension at 72°C. Restriction digest by Fnu4HI (New England Biolabs) was then performed with 0.5 l of PCR product in a total volume of 20 l for 2 h at 37°C. Samples were separated by electrophoresis on 10% polyacrylamide gels, and the C and G alleles were identified by direct visualization after ethidium bromide staining (see Barr et al. 2008 ).
As reported elsewhere (Parker et al., 2010) , OT assays were conducted on CSF samples collected from a subset of 32 adult females (average age ϭ 15.6 Ϯ 1.0 years), of which 20 were lactating, and 12 were classified as Non-Pregnant Non Lactating (NPNL) as they were not pregnant, lactating, or (as rhesus macaques are seasonal breeders), cycling. Samples were assayed in duplicate for OT by enzyme immunoassay using a commercially available kit (Assay Designs Inc., Ann Arbor, MI), which has been validated for use on rhesus macaque CSF samples by the Emory Assay Core (Winslow et al., 2003) . Intra-and inter-assay coefficients of variation were below 10% and assay sensitivity is 11.7 pg/ml. Technicians were blind to experimental conditions while conducting all hormone assays.
Behavioral Data
Thirty-three of the study females (average age ϭ 15.1 Ϯ 0.9 years) were followed by trained observers between 700 and 1430, with 30 min samples collected at least twice per week per individual for 9 months using continuous (focal animal) sampling (Altmann, 1974) . Three females who had no infants during the period of behavioral observations were excluded from analyses. Observers were tested for intra-and inter-observer reliability prior to beginning data collection, and data from all observers were combined for analysis. We here focus on a specific subset of 4 behaviors that relate to mother-infant relationships. These are: time spent in ventro-ventral contact with infant, time spent grooming with infant, rate of mother-initiated infant contact, rate of infant restraints by mother (i.e., the rate at which the mother prevented the infant from separating from her by forcibly pulling the infant back by its arms, tail or leg). The former two of these behaviors are as dependent on infant as on maternal behavior, while the latter two are related only to maternal motivation.
Data were calculated as percentage time (time spent in ventroventral contact, time spent grooming infants) or frequency (hourly rates) (mother-initiated contact rates, restraint of infants). We calculated annual mean values for each behavior for each female. In doing so, we controlled for female reproductive state by averaging a female's behavior within a reproductive state first, and then averaging across reproductive states to produce overall female averages. As data for ventro-ventral contact between mothers and infants were collected in the first month of an infant's life, all these data were collected on mothers and new infants. However, for other behaviors (e.g., restraint), they may include both behaviors involving new infants, but in those mothers who had not given birth yet that birth season, also behaviors involving their previous year's infant. As we might expect the frequency of maternal behaviors to be related to infant age, we calculated additional measures of behavior that controlled for whether or not a female had a new infant at the time. To do this, for females that did not give birth to a new infant in the 2008 birth season (from September 2007, onward), we undertook a second set of analyses in which we excluded data from this time for those females. No behavioral data were collected during the trapping period.
Investigation of the four maternal behaviors revealed that time spent in ventro-ventral contact, time spent grooming with infant, and time spent making contact with infants, all tended to be correlated with each other (two-tailed Spearman's rank correlations; ventroventral contact and grooming time, r ϭ .498, p ϭ .021; grooming and contact makes, r ϭ .365, p ϭ .048; ventro-ventral contact and contact makes, r ϭ .424, p ϭ .055). In contrast, maternal restraint of infants was not correlated with any other behavioral variable (all p Ͼ .1). Further, Principal Components Analysis of the four behaviors produced 2 significant (eigenvalue Ͼ1) axes, with the former 3 of these behaviors loading onto the same component axis (the first), while restraint loaded separately onto its own axis (the second). Given suggestions that social-engagement (desire to affiliate) and socialabsence (distress on separation) are functionally separate elements of attachment (Panksepp et al., 1997; Nelson & Panksepp, 1998) , we considered time spent in ventro-ventral contact, time spent grooming with infant, and time spent making contact with infants, to be measures of social-engagement, and restraint to be a measure of socialabsence.
Dominance hierarchies for females were known, as female rhesus macaques inherit their ranks from their mothers. However, we independently established and confirmed these ranks on the basis of aggressive and submissive bivariate interactions . Females who belonged to the top two matrilines in their respective groups were classified as high-ranking (n ϭ 13), and all others were classified as low ranking (n ϭ 26). No reliable information about rank was available for 1 female.
Female Relatedness
As this was a study on a free-ranging population, we did not have genetic data on parentage. However, maternal lineages were available from long-term records for all study females for relatedness up to first cousins (i.e., for mothers, daughters, aunts, nieces, first cousins). For each dyad, we calculated maternal relatedness from these data, assuming no paternal relatedness. On this basis, mean relatedness between study females was 0.025 for females for whom we had both genotype and OT data, and 0.030 for females for whom we had both genotype and behavioral data. As such, females are likely to share a relatively low proportion of their genetic diversity by descent.
Data Analysis
Following precedent (e.g., Barr et al., 2007; 2008) , analyses were undertaken using just two genotypes (C77/C77 vs. G77/C77 and G77/G77 combined) due to the rarity of homozygous G77 individuals. For OT analyses sample sizes were: C77/C77, n ϭ 18 (at time of sample collection, lactating n ϭ 12, NPNL n ϭ 6); G77 allele carrier, n ϭ 14 (lactating n ϭ 8, NPNL n ϭ 6). For behavioral analyses, final sample sizes were: C77/C77, n ϭ 13; G77 allele carrier, n ϭ 17 (reproductive states change for each female over the course of behavioral data collection, see above). We used GLM to assess OT levels (dependent variable), and built an initial model consisting of the main effect of genotype (fixed factor), and interactions between genotype and dominance rank (fixed factor), genotype and age (covariate), and genotype and reproductive state (fixed factor). Following this analysis of OT levels, we then explored relationships between OPRM1 variation and our behavioral affiliation measures. Due to the rarity of some of the behaviors investigated, some variables featured some zero values that skewed the data distribution (e.g., some females never restrained their infants). Because of this skew, we used MannWhitney U nonparametric statistical tests in all analyses (for consistency across behavioral analyses) to investigate the effects of genotype on our four maternal behaviors (reporting exact, not asymptotic, probability values). Though this does not allow us to control for female age or dominance rank, there were no significant relationships between age and genotype (C77/C77: 14.5 Ϯ 1.7; G77/G77, G77/C77: 16.2 Ϯ 1.1; t 28 ϭ 0.854, p ϭ .401), or dominance rank and genotype (C77/C77: 10 low, 3 high; G77/ G77, G77/C77: 10 low, 7 high; t 28 ϭ 1.025, p ϭ .314). We controlled for reproductive state and infant age as outlined above. Finally, we investigated whether OT levels predicted maternal behavior using spearman's correlations. We used two-tailed tests with an alpha level of 0.05 for statistical significance and undertook analyses in SPSS 18. Table 1 shows the relative abundance of the different OPRM1 polymorphisms in our sample. Genotypes did not deviate from Hardy-Weinberg ( 2 ϭ 0.44, p Ͼ .1), and the frequency of the G allele was 0.31. There were no significant main effects of OPRM1 genotype, or significant interactions between genotype and age or dominance, on adult female CSF OT levels. There was, however, a significant interaction between genotype and reproductive condition on CSF OT in adult females (F 3,32 ϭ 3.92, p ϭ .019). Among lactating females individuals with the C77/C77 genotype had lower OT (62.8 Ϯ 2.3 pg/ml) than individuals carrying the G allele (76.6 Ϯ 9.0 pg/ml), whereas among NPNL females, individuals with the C77/C77 genotype had higher OT (76.4 Ϯ 5.7 pg/ml) than individuals carrying the G allele (52.3 Ϯ 3.4 pg/ml) (see Figure 1 ).
Results
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Carriers of the G allele restrained their infants at significantly higher rates (0.28 Ϯ 0.07 restraints/hr) than individuals with the C77/C77 genotype (0.08 Ϯ 0.04 restraints/hr) (z ϭ Ϫ2.511, p ϭ .014; Figure 2 ), a result that remained after controlling for whether a female had a new infant (z ϭ Ϫ2.098, p ϭ .043). There were no significant differences in our other three measures of maternal behavior (our social engagement measures) according to genotype (all p Ͼ .1). CSF OT levels were not correlated with any behavioral variables (all p Ͼ .1).
Discussion
Our results provide further evidence that polymorphic variation in the OPRM1 gene predicts mother-infant affiliation in rhesus macaques. We found that rhesus macaque mothers possessing at least one copy of the G allele restrained their infants significantly more than females homozygous for the C allele, suggesting that the G allele is associated with greater maternal motivation to prevent separation from infants. This result is consistent with, and complements, the finding of a previous study, which showed that captive rhesus infants possessing at least one G allele exhibited greater distress responses to separation from their mothers than infants homozygous for the C allele (Barr et al., 2008) . As such, OPRM1 variation may primarily explain variation in socialabsence/separation attachment (Panksepp et al., 1997; Nelson & Panksepp, 1998) , since in both rhesus macaque infants (Barr et al., 2008) and mothers (this study) it is behaviors associated with separation that appear to be related to OPRM1 variation. We also found that females possessing the G allele were more likely to have higher CSF OT levels than homozygous C females when they are lactating. Although we found no direct evidence linking CSF OT to maternal behavior in this study, this is not necessarily surprising, given that CSF OT levels were collected at one time point, whereas behavior was recorded over a much longer period (nine months of one year). As we collected no behavioral data during the trapping period, the CSF measurement period and the behavioral data collection period were necessarily separated, and the majority of the behavioral data collection period precedes the CSF OT measurement. Nonetheless, the relationship between genotype, reproductive state and OT levels raises the possibility that OT may be part of the physiological mechanism underlying the association between OPRM1 variation and maternal attachment. As mothers with the G allele may receive greater opiate reward for infant affiliation, this is likely to encourage maternal behavior to maintain contact with infants (such as restraining behavior). Maternal behavior is not just initiated and maintained by OT (e.g., rhesus macaques, Holman & Goy, 1995; Boccia et al., 2007) but also itself stimulates the release of OT (e.g., nursing; McNeilly et al., 1983) . As such, G allele-related increases in maternal behavior could create a feedback loop of increased OT, increasing maternal affiliation for infants still further. However, the specific mechanisms and pathways linking the endogenous opioid system to central oxytocin and maternal attachment in primates remain to be elucidated.
Since OT is also associated with sexual behavior in primates (e.g., humans, Carmichael et al., 1987; Carter, 1992 ; cotton-top tamarins, Snowdon et al., 2010) , the observed higher levels of OT among NPNL females homozygous for the C allele may indicate that such females are more motivated to mate as they enter the mating season. This in turn may make these females more likely to conceive, and conceive earlier, in that season. Both these eventualities would lead to females having new infants to care for earlier in their reproductive careers, which entails a reduction in maternal care for existing infants. As such, this is again consistent with greater attachment for infants among G allele carriers.
Our study adds to the growing literature showing that variation in the mu-opioid receptor gene OPRM1 is associated with social attachment and rejection (e.g., Barr et al., 2008; Way et al., 2009; Troisi et al., 2011) . Evidence that genetic components of the opioid system affect emotional responses to separation and rejection in both mother-infant dyads (rhesus, Barr et al., 2008 ; this study), and adult social relationships (humans, Way et al., 2009) , support the hypothesis that it is the mother-infant bond that has been evolutionarily coopted to form the basis for all social bonds among group-living mammals (Broad et al., 2006; Curley & Keverne, 2005; Keverne, 1992; Nelson & Panksepp, 1998) . 
